In modern aircraft development, effective stability and control analysis running parallel to the aircraft design is essential to the success of the manufacturer. Numerous aircraft manufacturers have had to spend large amounts of resources and time over the years as their in flight tests show the aircraft to be an unstable design. Even worse case scenarios have resulted in the loss of passengers and crew as aircraft have not responded safely to a situation.
In order to complete stability and control analysis on an aircraft model, the aircraft's aerodynamic data is necessary. This paper investigates a series of methods currently available, in the generation of aerodynamic data and how that data relates to actual aircraft stability and control. Furthermore, the integration of the aerodynamic data will be demonstrated within the J2 Universal software. Firstly to show how to use the aerodynamic data within a state of the art stability and control design tool, and secondly to show how each method of data generation can affect the accuracy of the stability and control analysis. A summary of methods concludes this paper in the hopes of informing design engineers as to what methods would be most appropriate given a projects particular design phase. This paper aims to encourage a design engineer to maximize their knowledge of their aircraft at every stage of the design process. The methods of generating Aerodynamic data that are investigated include Wind Tunnel testing, Computational Fluid Dynamics, Boundary Element Theory, Strip Theory, DATCOM+ and more traditional geometric methods. 
INTRODUCTION
When considering the investigation of aircraft stability and control in the design lifecycle. It can be split into 2 areas.
i. Estimation of modes of motion frequency and damping using linear coefficient derivatives. ii.
Detailed investigation of flight dynamics and aircraft behaviour through simulation and response modelling
When considering simulation and response modelling, it is possible to extend investigation to utilize non-linear derivatives, and perform complete FAA certification procedures. Experience has found that the first approach is used in the early stages of design whilst the second approach is left until much later on in the lifecycle when the costs of making modifications to the design can be significantly increased. This has often been due to the level of data that is required as entry into the available tools in order to start to perform the analysis. The expense of generating the data to provide "sufficient" information is to investigate behaviour is often seen as the primary driver in leaving the analysis until later on such that fewer options are being investigated.
The intention of this paper is to look at what can be discovered when performing response modelling using differing levels of aerodynamic data generation that provide different levels of fidelity. The paper will document the different methods of aerodynamic data generation, and provide an indication as to the level of time and costs that was required to generate the data, and then using those different techniques on a single aircraft project to see what characteristics can be spotted. In order to do the simulation and analysis, the J2 Universal Tool-Kit will be used that can take data from any source and very quickly enable the user to create a model and then "fly" it across the complete flight envelope. To ensure consistency, the basic aircraft structure will be built using J2 Builder and will contain the structure of the aircraft, and any mass & inertia information necessary to calculate complete Mass, inertias and centre of gravity. Several "delta" models will then be created into which the aerodynamic data will be added from the variety of methods. This ensures consistency of structure and mass information across all the models under comparison and allows for changes to be made on the initial model and be instantly reflected in all "deltas" thus avoiding the potential for discontinuities as the analysis progresses.
Using each of these delta models a consistent set of analyses will be performed, using J2 Freedom, to investigate the stability and control, and behaviour of the aircraft. These analyses will include.
i.
Longitudinal static stability such as angle of attack to trim and elevator to trim across a range of airspeeds and altitudes. ii.
Longitudinal dynamic stability including investigations into time histories across the complete flight envelope iii. Lateral dynamic stability including investigations into time histories across the complete flight envelope iv.
A selection of FAA certification manoeuvres to view key characteristics.
A comparison of the flight results for each analysis phase, and comments relating to how they compare to the wind tunnel (baseline) data will be presented. The results will then be contrasted with the costs in generating the different data types, and recommendations as to how each method can be used throughout the design lifecycle to enable engineers to optimise designs through using the different techniques to consider different configurations and scenarios throughout the project. This will show the most cost effective method of generating an aircraft's aerodynamic data for a given phase of the design process as well as highlight how early the stability and control of an aircraft can actually be estimated within a certain degree of accuracy.
AERODYNAMIC DATA GENERATION
The topic of aerodynamics is rudimental to understanding the stability and control of an object in flight. It is a specific branch of fluid and gas dynamics that focuses on the specific medium of air and the how it interacts with a moving object within the medium. Studying the flow of air around a moving object allows for the objects aerodynamic forces and moments to be calculated. These forces and moments determine the flight derivatives that power the flight dynamic equations. Knowing the results of these equations allows for an aerospace engineer to understand how an aircraft will respond to a given flight condition or situation. Reference [1] contains a description of basic aerodynamic theory that will be utilised later in this paper to drive the flight dynamic equations. Below we can see the basic methods
SIMPLE GEOMETRIC MODELLING
Simple geometric modelling is a term used at J2 Aircraft Dynamics to represent the construction of simple models to begin the investigations into an aircrafts stability and control and dynamic behaviour. This approach concentrates primarily upon the longitudinal characteristics of an aircraft by breaking it down into a series of trapezoidal wing shapes. Each of these wings has the 2-D lift, drag and pitching moment characteristics calculated for the appropriate airfoil section. These 2-D characteristics can be found from various estimating techniques or applications such as JavaFoil (Reference [2] ) or XFoil (Reference [3] ), or from experimental data contained in numerous texts or in-house databases.
The aspect ratio is used for an approximate correction of the results for a finite wing. The 3D lift coefficient CL is determined by adapting the 2D Cl. Mach number and aspect ratio are taken into account. Then the 3D drag coefficient CD is calculated by adding the induced drag coefficient for a wing with elliptical lift distribution to the Cd of the airfoil.
Once each item has been estimated, a hierarchical model can be constructed using the location of each item, and approximations to the aerodynamic centre of each item. Each entity can be constructed with a local angle of attack, such that factors such as variable incidence can be considered. The final stage is to look at the influence of 1 surface on that of another. The most obvious aspects to consider are upwash from a canard or downwash due from the wing on a horizontal tail. The can be built into the model constructed with J2 Builder through User Defined parameters, and can be calculated from expressions and tables provided by Roskam (Reference [4] ). This now provides a static model, but this does not provide any indication of dynamic characteristics. In order to introduce the dynamic characteristics we need to look to Roskam [4] again and look at how dynamic derivatives are estimated.
For example, the main aspect of Pitch Damping is due to the change in angle of attack on the horizontal tail due to a change in velocities caused by the pitching motion. This resulting in a change in lift combined with the moment arm produces a pitching moment that opposes the pitching motion. This approach gives us the following equations.
Δܹ ൌ ܳ ‫כ‬ ‫ݔ‬ ‫כ‬ ܿҧ
With small angle theory we can assume
Δߙ ൌ Δܹ/ ܷ
This means that the change Lift can be estimated to
Thus we can get the derivative for the change in lift due to non-dimensional pitch rate from:
The derivative will also be the major factor in pitch damping. If necessary it is also possible to add in the change in the local pitching moment using the same approach, but this has a much small influence on the overall pitch damping.
Roskam [4] also gives us similar expressions for the change in lift due to rate of change of angle of attack as a function of the downwash gradient.
When working with lateral dynamic derivatives, a similar approach to the Pitch Damping can be used to estimate the Roll Damping derivatives. In order to do this the aircraft model must have separate items for left and right wings, horizontal tail etc, and then use the lateral position of the aerodynamic centre to provide the changes in vertical velocity. The effects of Yaw Rate on Horizontal surfaces is a little more complicated as the Yawing Moment results in a change in forward velocity rather than vertical velocity so this cannot be added as simply and needs to be incorporated into the local angle of attack values rather than as an increment.
As can be seen, with very simple information relating to the basic aerodynamic characteristics of individual items as well as some simple geometric data it is possible to start looking at the behaviour of the aircraft.
AERODYNAMIC STRIP THEORY
Aerodynamic Strip Theory (AST) or Blade Element Theory (BET) is a method of approximating a 3-dimensional lifting surface by breaking it down into 2-dimensional airfoil strips along its span. Internally, within the J2 Elements software, each strip has a local angle of attack calculated based upon the strips individual motion through the air and its orientation to the overall airframe. This method can therefore automatically include the dynamic motions and angular rates as well as geometric characteristics and thus allow for dihedral and twist to be used. However there is no cross span aerodynamic interactions between strips. Figure 1 shows how a basic wing shape can be approximated into individual elements, and the distribution of the aerodynamic centre of each strip..
Figure 1 Lifting Surface Approximation into Strips
As with the Simple Geometric Models, the aerodynamic coefficients can be calculated in their standard nondimensional forms C L , C D and C M from any variety of methods. Each strip is assigned aerodynamic coefficients according to its aerofoil section. It is a simple case of superposition to calculate the total effects of each element strip on the entire wing to generate a Single Lift, Drag and Pitch value for the 
Total Forces acting on a Lifting Surface
of the United States Air Force Data Compendium which is a significant collection of design notes used to predict fixed wing aircraft control characteristics. There are design limitations when multiple aircraft configurations may have to be analyzed to tribution to the total aircraft. For -BodyHorizontal Tail with movable flaps on the wing, the aircraft e first analyzed without the Horizontal Tail to find the contribution the flaps will have, and then a second analysis that has the horizontal tail and no flaps. This is because the Digital control surface is located on the mo which would have been the Horizontal Tail.
Once the Aircraft Body and lifting surfaces have been defined, the program is able to calculate the aircrafts aerodynamic Coefficients over a range of flight conditions, using the aircrafts the flight conditions. These can be satisfied by mixing the following variables, Mach number, velocity, Reynolds number, altitude, and pressure and temperature Datcom aerodyn theory, the aerodynamic derivatives can be manually calculated.
VORTEX LATTICE MODEL
The Vortex Lattice analysis model is a simplified computational fluid dynamic process that allows for an aircrafts aerodyna vortex configurations at small angles of attack their trailing wakes are represented as sheets trailing legs are assumed to be parallel to the x Figure   This technique uses th induced by a vortex to the strength and orientation of the vortex. included if the upwash geometry is within the intersecting plane of the downwash object.
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Figure 4 Vortex Lattice Panels
This technique uses the Biot induced by a vortex to the strength and orientation of the This method allows for downwash effects to be included if the upwash geometry is within the intersecting plane of the downwash object. the contribution the flaps will have, and then a second analysis that has the horizontal tail and no flaps. This is Datcom assumes that the moving control surface is located on the mo which would have been the Horizontal Tail.
Once the Aircraft Body and lifting surfaces have been defined, the program is able to calculate the aircrafts aerodynamic Coefficients over a range of flight conditions, Mach and Reynolds Numbers to define the flight conditions. These can be satisfied by mixing the following variables, Mach number, velocity, Reynolds number, altitude, and pressure and temperature can then calculate the standard amic coefficients and using small perturbation theory, the aerodynamic derivatives can be manually
VORTEX LATTICE MODEL
The Vortex Lattice analysis model is a simplified computational fluid dynamic process that allows for an mics to be calculated with little effort. is best suited for which consist mainly of thin lifting surfaces and sideslip. These surfaces and their trailing wakes are represented as discretized into horseshoe vortex filaments, whose trailing legs are assumed to be parallel to the x
Vortex Lattice Panels
Biot-Savart Law induced by a vortex to the strength and orientation of the This method allows for downwash effects to be included if the upwash geometry is within the intersecting plane of the downwash object. the contribution the flaps will have, and then a second analysis that has the horizontal tail and no flaps. This is assumes that the moving control surface is located on the most aft lifting surface which would have been the Horizontal Tail.
The Vortex Lattice analysis model is a simplified computational fluid dynamic process that allows for an culated with little effort. is best suited for aerodynamic which consist mainly of thin lifting surfaces and sideslip. These surfaces and their trailing wakes are represented as single-layer vortex discretized into horseshoe vortex filaments, whose trailing legs are assumed to be parallel to the x-axis,
Savart Law to relate induced by a vortex to the strength and orientation of the This method allows for downwash effects to be included if the upwash geometry is within the intersecting the contribution the flaps will have, and then a second analysis that has the horizontal tail and no flaps. This is assumes that the moving st aft lifting surface
Once the Aircraft Body and lifting surfaces have been defined, the program is able to calculate the aircrafts aerodynamic Coefficients over a range of flight conditions, Mach and Reynolds Numbers to define the flight conditions. These can be satisfied by mixing the following variables, Mach number, velocity, Reynolds number, altitude, and pressure and temperature. The can then calculate the standard amic coefficients and using small perturbation theory, the aerodynamic derivatives can be manually
The Vortex Lattice analysis model is a simplified computational fluid dynamic process that allows for an culated with little effort. A aerodynamic which consist mainly of thin lifting surfaces and sideslip. These surfaces and layer vortex discretized into horseshoe vortex filaments, whose axis, see to relate velocity induced by a vortex to the strength and orientation of the This method allows for downwash effects to be included if the upwash geometry is within the intersecting Building up individual panels that interact along the downwash lines can be used to calculate an aircrafts aerodynamic forces and moments.
COMPUTATIONAL FLUID DYNAMICS
Computational Fluid dynamics (CFD) is considered to be the most powerful and accurate way of modelling and simulating the aerodynamic forces around an object. Full 3 dimensional objects can be analyzed to determine the flow around each item. There are numerous methods available that can consider anything from simple laminar flow up to and including methods that are able to approximate turbulent effects. At present there are no analysis models that exist that can fully simulate turbulence, but approximate analysis models, when used by an experienced user can prove to be very accurate.
The 3-dimensional model and the control volume around it are initially discretized into small control volumes. Boundary conditions are set to initialize the objects flight conditions, and an iterative numerical method is used to calculate the effect of the boundary conditions and how they interact with the object. This method is the most costly in terms of computing power and time required to set up. A skilled operator with significant experience is often needed in order to create an accurate model.
WIND TUNNEL
Wind tunnel testing is the final method of simulating an aircrafts aerodynamics before actually constructing the full aircraft. A physical scaled model of the concept aircraft is created and placed in the wind tunnel. The atmospheric conditions are modified using standard Reynolds numbers to match the full scale flight atmospheric conditions. The aerodynamic forces and moments are easily derived using established practical techniques.
STABILITY ANALYSIS
The analyses performed on the models are based around assessing the static and dynamic stability utilising a 6-Degress of Freedom (6DoF) model. These models can be used to assess steady state conditions and trends such as angle of attack and elevator to trim; these trim conditions can then be used in time based simulations to look at the modes of motion of the aircraft as well as further investigations into FAA regulatory manoeuvres. Using these techniques it is possible to assess the complete envelope at any stage in the aircrafts lifecycle to ensure certification.
EQUATIONS OF MOTION
The 6DoF model allows for Forces and Moments in all 3 axes to affect the motion of the aircraft simultaneously. Equations 13 to 18 show the resultant forces and moments on the aircraft as a result of aerodynamic, inertial and gravitational effects.
These equations can be used to calculate the resultant linear and angular accelerations from Equations 19 to 24
From the Accelerations it is possible to then integrate to find the Linear and Angular velocities and further integrate to obtain the resultant positions.
STATIC STABILITY
Static stability can be assessed by investigating the various states and control settings to trim the aircraft. Several types of analysis are available, but for the purposes of this paper we will investigate Angle of attack and Elevator Deflection required to trim over a range of airspeeds. For a conventional aircraft, such as the one being assessed, as the airspeed increases so the angle of attack required to trim should go from a decrease (go from a larger positive number to a smaller positive number) from however the elevator deflection is expected to increase (go from a larger negative number to a smaller negative number).
DYNAMIC STABILITY
The dynamic stability of a vehicle denotes the complete study of the motion occurring after the vehicle has been disturbed from its trimmed state. If the aircraft returns to equilibrium without overshoot, the motion is a simple subsidence. If the disturbing moment produced by the deviation tends to overshoot, then an oscillatory motion is induced. If the oscillations continue to increase, or the aircraft does not return to a steady state, then the motion is Several Standard modes of motion exist for conventional aircraft, these are:
• Short Period -Longitudinal The Short Period Oscillation or rapid incidence adjustment is an aircraft mode that relates a sudden change to the aircrafts pitch and its corresponding response. In flight, the Short period can be typically initiated by either a vertical gust disturbance or by a pilot induced change to the elevator deflection.
Typically the aircraft will return to its original pitch state in the region of seconds.
• Phugoid -Longitudinal The Phugoid is best described as an exchange of an aircrafts kinetic and potential energy at an approximately constant angle of attack. This is visualized as speed and height oscillations. An example of initiating the Phugoid would be an increase in aircraft velocity that would see an increase in aircraft height followed by the aircraft decelerating; the aircraft will then proceed to descending and as a result, accelerate. The Phugoid is often referred to as the long period as it can take significantly longer to return to its original state, larger aircraft can have a Phugoid period in the region of minutes.
• Spiral Mode -Lateral The Spiral Mode is a slow and typically unstable aircraft mode that can be potentially dangerous if unattended. The spiral mode can be initiated by a small perturbation that induces a rolling moment which has the coupled effect of causing a sideslip. This sideslip causes the aircraft to slowly drift downwards. The initial rolling moment is amplified as the tail plane, now with a side slip angle starts to produce a larger rolling moment. Thusly, left unchecked the aircraft can continue to spiral at an increasing rate and result in a loss of the aircraft.
• Dutch Roll -Lateral The Dutch Roll is a damped oscillatory motion in yaw that is coupled with a roll motion. The Dutch Roll is initiated by for example a gust impacting on the vertical tail and creating a yawing moment. This Yawing moment is oscillatory and will attempt to return to its initial state. As this Yawing moment occurs, an oscillatory differential in Lift and Drag will occur on the horizontal lifting surfaces causing a roll moment. The combined motion of Yaw and Roll will create an oscillatory cycle that decays over time.
• Roll Subsidence -Lateral The roll subsidence is simply a stable exponential mode that involves mainly the roll rate and corresponding bank angle. The aircraft roll angle response to lateral control inputs is an important part of the handling qualities requirements.
FEDERAL AVIATION REGULATIONS
The Federal Aviation Regulations (FAR) provide airworthiness standards for the issuance of type certificates for differing categories of aircraft. FAR 23 is applicable to small airplanes, and it is these that will be used to investigate the aircrafts behaviour. We will investigate 2 FAR manoeuvres during the analysis.
• FAR 23.157a Rate of Roll It must be possible using a favourable combination of controls to roll the airplane from a steady 30° banked turn through an angle of 60° so as to reverse the direction of turn within 5.2s, with the critical engine inoperative.
METHODOLOGY
The Aim of this paper is to encourage the analysis of aircraft stability and control as early as possible during the design process and to show how this can be done at an earlier stage than is the standard design process. This paper has so far outlined a series of different methods concerning the generation of aerodynamic data for a concept aircraft and how the data can be used to analyze an aircraft's stability and control.
In order to demonstrate this approach, we will examine a Very Light Jet design ( Figure 6 Very Light Jet Design) and compare the methods of aerodynamic data generation. The comparison will not be limited to data accuracy, but will also review the costs of using such processes in terms of time, financial cost and worker experience. The final review will show which process will be most cost effective given a concept aircrafts design stage.
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Figure 6 Very Light Jet Design
Whilst a variety of software tools and approaches may be used in the generation of the aerodynamic data, all analysis will be performed using the J2 Universal Tool-Kit. This enables a consistent approach to be used with any aerodynamic data source from conceptual design right through to supporting flight test, as well as providing integrated graphics and visualisation to help fully understand the behaviour.
BASELINE AIRCRAFT MODEL BUILDING
All aircraft models were built using J2 Builder, the aircraft model construction tool of the J2 Universal Tool-Kit.
The first stage was to build a model that defines the structure of the aircraft, and contains references to all dynamic surfaces, and any structural items, as well as the wing reference geometry. Engine Details are also added on to this model to provide a consistent aircraft for all cases. The resultant model was only lacking the aerodynamic data ( Figure 7 ). The basic reference location for the aircraft has been placed at the ground and on the nose and along the centre line of the aircraft and all subsequent reference locations have been placed relative to this.
•
Mass and Inertias
The airframe structure has been broken down into 5 mass components to enable different mass and payload scenarios to be investigated, these are:
Airframe Left/Right Fuel Tanks Pilot Payload The corresponding centre of gravity and mass values (Gross Weight) are shown in Table 1 . The fuel tanks and payload are treated as point masses, and their inertial contributions will be calculated automatically. The airframe has inertia about its own cg position, with its overall contribution to the aircraft automatically calculated using the parallel axis theorem. 
• Engines
The engines are mounted on the fuselage and will also be given local reference coordinates to enable engine out scenarios and the impact of the centre of gravity and thrust line to be modelled. This information can be found in Table 2 .
Left Engine Right Engine
Absolute C of T Position 
ADDING AERODYNAMIC DATA
Once the Baseline Model had been built, it was possible to add the Aerodynamic Data using the Delta functionality built into the J2 Universal Tool-Kit. This enabled us to take a virtual copy of the Baseline Aircraft and just add the remaining data without the need to produce multiple models each containing the Baseline information. In this way we created several "delta" models each containing jus the relevant aerodynamic data from each source. This also meant that if any corrections were needed to the Baseline model these were automatically transferred to the aerodynamic models without having to go through each one individually to ensure that the correct changes had been made.
The deltas were constructed as follows:
• Simple Geometric Model In this scenario and to speed up the model generation we just put together a Simple Geometric Model to consider the longitudinal characteristics of the aircraft. 2-D Aerodynamic coefficients were calculated for the Wing, Horizontal Tail, and Vertical Fin airfoils, about their quarter chord locations, using JavaFoil [2] and these adjusted for aspect ratio. Contributions were then added to the wing and horizontal tail for flap deflections and elevator deflection.
We can add to the delta model the location of the reference coordinates for the wing, tail and fin, and from their geometry we can calculate the locations of their aerodynamic centres. With the reference information, it is then simply a case of adding the aerodynamic coefficients.
For the wing, a User Defined Parameter was created to produce a local angle of attack based upon the wing incidence and the airframe angle of attack. All coefficients were then described via look-up tables using the local value. In this way we are able to change the incidence of the wing and the aerodynamic contributions will be updated automatically. The flap contributions were also added, but these used the Flapped Wing Area only as a reference area.
For the Horizontal Tail, we used User Defined parameters to calculate the downwash gradient due to the wing, and this was then used to calculate a local angle of attack for the horizontal tail. As the Elevators were assumed to be full span, we could add the aerodynamic coefficients as 2-D Look-Up tables dependent upon the local angle of attack and the elevator deflection.
As described previously the dynamic derivatives for Lift due to pitch rate and rate of change of angle of attack, we also added to the horizontal tail using the expressions described previously and the lift curve slope defined as a function of the local angle of attack.
Finally the Vertical Fin contributions were included. As we were only investigating longitudinal modes with this approach, it was only necessary to add the ‫ܥ‬ బ value for the Fin and its reference information.
The contributions of this value to the overall pitching and drag of the aircraft will be automatically calculated.
• Aerodynamic Strip Theory
The aerodynamic strip theory model was constructed similarly to the Simple Geometric Model. However in this scenario, we could start to investigate the effect of lateral characteristics and automatically calculated dynamic derivatives. When describing the AST model, we were able to take greater account of the twist and dihedral of the wing as well as the sweep.
The AST models have been entered using the integrated Strip Theory capability of the J2 Elements part of the J2 Universal Tool-Kit.
In this case we add the wing and enter the twist distribution, aerodynamic centre distribution, of each strip in terms of their lateral location. Small sections of stripped items were added to account for the increments due to flap deflection and in this case aileron deflections. By giving each of these items physical locations relative to the reference location of the wing, the moment contributions in terms of lifting increment and moment arm about the CG are automatically calculated via the software.
The Horizontal Tail is added similarly, to the wing, but as for the simple geometric model, a full span elevator is assumed, and the coefficients are added as functions of the local angle of attack for each strip and the elevator deflection. In calculating the local angle of attack for a strip for the horizontal tail, this is performed automatically from the local velocities due to the geometry and the centre of gravity. The downwash contribution calculations are extended from a downwash gradient, to produce an additional velocity contribution that is automatically added to the existing velocities and resulting in a new local angle of attack.
The Vertical Fin is added as a stripped item excluding the dorsal strake, the rudder was a again assumed to be full span. Once the coefficient data has been added in terms of sideslip and rudder deflection the software automatically takes into account locations and local velocities to calculate resulting moments and forces.
Digital Datcom
The Digital DatCom is a programme developed from the USAF Data Compendium during the 1970's, which contained over 3000 pages on the analysis of aircraft aerodynamics, stability and handling characteristics. This digital version allowed for a significantly reduced design time.
Flight conditions are first set that are to be analysed, any combination of flight conditions can be defined as long as the Mach and Reynolds numbers can be calculated, as the DatCom uses these numbers for calculations. Only a maximum of 20 flight conditions can be calculated during any single run, thus multiple DatCom runs will be necessary to extend the flight envelope.
The aircraft fuselage is analysed as 20 elliptical cross sections along the length of the aircraft. The user defines the positioning of the wing, horizontal tail and vertical tail in the x and z directions, and the plan form of the aerodynamic item. Using these it is a simple procedure to define the variation of twist along the aerodynamic item by defining the root incidence angle and the twist angle across the span, which is of course an essential component to the aerodynamics. The horizontal and vertical tail were defined using NACA inputs, however the wing section is not a standard NACA section so the X chord, Y upper and Y lower positions where utilised, DatCom allows for 50 points to be defined.
Control surfaces can be defined on longitudinal surfaces, i.e. flaps, elevators and ailerons; however rudder deflections cannot be defined. If a control surface is defined then it is assumed to be the most aft lifting body. For the purposes of this analysis, only the elevator effects will be analysed. This is as a result of DatCom's restrictions in lateral motions, and only longitudinal trimming will be analysed. This will also simplify the DatCom post processing, as multiple control surface effects need multiple DatCom runs and their contributions to be manual adjusted.
With the aerodynamic data generated, the relevant data can easily be extracted into a useable format. The J2 aircraft model is developed to include lift, drag and pitch coefficients in relation to important variables such as angle of attack, air speed, altitude and elevator effects.
We are now able to trim the aircraft longitudinally and develop a flight envelope.
Figure 8 DatCom Model
• Vortex Lattice Model The vortex lattice method is among one of the earliest computational techniques for developing aircraft aerodynamics. The method is based on solving Laplace equations which will solve for the potential flow of the aircraft.
For this analysis, the Athena Vortex Lattice programme will be used which is available for free under the GNU General Public License. It was developed during the late 1980's at MIT and has been consistently used in industry since with positive results
The aircraft analysis is split into 3 distinct sections. The configuration geometry is defined in a file with each aerofoil is split into surface sections. For a symmetrical aircraft it is possible to duplicate about a Y location which can be user defined, in this case as in many cases, the Y location was set to zero.
Positioning a surface section involves defining the leading edge point in the x, y and z axis, sections can be created to account for sweep and dihedral changes. The chord and angle inputs define chord length and local angle incidence respectively. The programme will linearly interpolate these values for defining sections. The aerofoil definition is stored as a series of coordinates in a separate data file.
Control surfaces are defined within an aerofoil at sections within the surface. The hinge location is defined as a percentage of the chord and the line at which the hinge acts is defined as a vector in terms of x, y and z.
The fuselage is defined as a series of circular cross sections at various X locations (Fuselage Stations)
AVL allows for the mass and inertias of individual component to be defined and the overall aircraft mass and inertia to be calculated. In this situation the total aircraft mass and inertia values are already known.
A file is created for defining the aircraft flight conditions, the run file needs to be generated by first loading the aircraft and mass files and exporting from Athena. It is easy to modify the run file to set the Mach and velocity values which would be zero as a default, and to create multiple case conditions, i.e. alpha or beta angles.
For the analysis performed here 2 flight conditions were considered a low speed low altitude, (100kts at 300ft) and a high speed high altitude case (300kts at 34,000ft) however to get a good range of points, for look-up tables all 4 corners were analysed. When considering it is also necessary to vary the aircraft states and surface deflections, the total number of cases generated to be analysed was 68. Each case has to be individually run and saved. This can take a significant amount of time to run, and post processing of the data into a useable format can take some time. Once all the VL cases had been run, it was then necessary to establish the derivatives, and this was best performed using regression analysis this resulted in the following set of Derivatives and Factors found in order to calculate the resultant coefficients.
Once the wind tunnel data has been reduced, a spreadsheet is generated that provides all static derivatives for combinations of Flaps, Elevator, Aileron, and Rudder contributions. DAR Corp's AAA is also used with this data to generate dynamic derivatives. As all the coefficients and derivatives for the wind tunnel model have been calculated about the same point using the same reference areas, there is no need to provide additional geometric information to construct the model. All that is required is to add the location about which all coefficients are assumed to act (25% Wing m.a.c.).
From here it was simply a case of importing the look-up tables directly into the delta model. During the construction of each of the models notes were taken in relation to the ease with which aerodynamic data could be generated, the time/cost associated with each method, the technical expertise required and the ease with which aircraft configuration changes could be made. Further notes were then taken as to how easy it is to add these data into the aircraft via J2 Builder.
ANALYSING THE AIRCRAFT
Once all the models have been created, it was necessary to perform the analysis. The first stage was to investigate the steady state stability. This was done by creating a Trim Model in the J2 Freedom component of the J2 Universal Tool-Kit that covered the complete flight envelope airspeed and altitude combinations. The full non-linear root solver built into J2 Freedom was then used to trim each aircraft model at each location defined in the Trim Model to establish the trim conditions.
In the cases where the coefficient data is simply linear derivatives and (e.g. Vortex Lattice), it was able to trim the aircraft at even the highest altitude and slowest airspeed combinations as the aircraft could effectively fly at any angle of attack to generate suitable lift. When the results were therefore plotted, angles of attack above 20° were discounted.
From the Trim conditions, we were able to Plot the Angle of Attack to Trim and Elevator to Trim values for each model across the complete flight envelope utilising the integrated graphics in J2 Visualize. Having established the steady state conditions for each model, these are automatically stored back into the database, and as such can be re-used as initial conditions for the dynamic analysis.
The initial dynamic analysis was to look at the modes of motion for the aircraft. This was performed on all models at the cruise condition and at a slower speed with the flaps in the take-off configuration. A series of Response Models were built using J2 Freedom, to excite each of the modes of motion. The manoeuvres were:
• Short Period Initial disturbance of the Pitch Rate from the trimmed condition by +10°/s
• Phugoid Initial Airspeed disturbance from the trimmed condition of +10kts
• Spiral Divergence Initial disturbance of the Bank Angle from the trimmed condition by +10°
• Dutch Roll Rudder Pedal Doublet after 2s. The pilot produce a stepped input into the pedals first in one direction then the other resulting in a 3° rudder deflection for 0.5s and then -3° rudder deflection for a further 0.5s then returning the rudder to the central position.
• Roll Subsidence A small roll stick step input is added after 2s. The Objective is to view the maximum roll rate for a given aileron deflection These manoeuvres were assessed over a range of airspeeds and altitudes to assess the complete envelope. The time histories of these manoeuvres were used to assess stability and the results compared across the different models. Looking at the results of some of the dynamic behaviour we can compare the different methods against the wind tunnel data.
For Short Period characteristics, at low speed we can see that whilst all methods experience some damping, the AVL and DatCom methods diverge very quickly. However the AST and Simple Geometric approach both produce comparable damping characteristics.
Figure 12 Pitch Rate Response for SPO
When looking at lateral behaviour, DatCom and Simple Geometric Models did not have sufficient data. The remaining methods showed lateral responses, but it can be seen that the AST has the best comparison to wind tunnel data. To keep the AST model simple, the dorsal strake was not added and only a constant fuselage drag.
Figure 13 Sideslip Response to Dutch Roll
With Roll damping characteristics AST gives very good peak roll accelerations compared to the wind tunnel, and damping characteristics. The AVL value gives almost double the Roll acceleration, and this is due in part to the fact that the differential aileron cannot be included in the AVL model, but can be added in the AST.
Figure 14 Roll Acceleration Response to Aileron Input
The final stage in the analysis was to investigate the ability to use a range of models and aerodynamic data generation techniques to see what can be used to assess the FAR 23 criteria.
The final FAR manoeuvre is to look at the time to bank, and so investigates further the roll authority defined within each of the models. In doing this, a further set of trim conditions were generated that trimmed the aircraft in a 30° Banked turn with One Engine Inoperative. A Response Model was then generated where the pilot moved to full roll stick after 2 seconds and maintained that until -30° Bank was achieved. The time to bank was compared to the regulations and to the Wind Tunnel Results.
SUMMARY OF METHODS & RECOMMENDATIONS
The first aspect when assessing the results is to look at the "costs" of the different aerodynamic calculation methods. These results can be found in Table 3 . As can be expected, Wind Tunnel modelling is viewed as the most expensive method of obtaining aerodynamic data with the Aerodynamic Strip Theory method is viewed as the cheapest. This is due to the relatively simple set of data that is required for AST to enable dynamic responses to take place. In addition to this, the flexibility of both AST and Simple Geometric models, which can both be However, the lengthy process needed to create and process data into a workable form can and will take more time than it would to create a workable aircraft model using other methods available. These methods can be used at later stages in design, but need a lot of work for every design change.
The Aerodynamic Strip theory is, during the preliminary stages of design, the most time efficient and flexible method, especially when using the J2 Elements plug-in. When using, well established aerofoil packages like JavaFoil, this paper has shown that aircraft aerodynamics can be calculated extremely quickly and with a good level of accuracy. This allows for the simulation of an aircraft with very little information and still maintains simulation accuracy.
This can be seen when comparing with the wind tunnel base line, which is of course widely regarded as a simulation technique with high levels of accuracy. However, unlike wind tunnel testing with the financial and time costs of running a simulation being expensive, elements will allow for rapid design alterations at a minimum cost. This will even lead to an increased efficiency in the use of wind tunnel testing, as a good understanding of the aircraft stability and handling will already be known and will reduce the number of wind tunnel model iterations needed before a design freeze can be implemented for manufacture and flight testing. 
Ease of Data Generation
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